ABSTRACT Tilted fiber Bragg grating (TFBG) presents many unique spectral characteristics for sensing. The widespread approaches to date are based on the cut-off mode resonance and surface plasmon resonance (SPR), whereas the leaky mode resonance is ignored in the literature. Herein, we theoretically demonstrate that the s-polarized (or TE/HE) leaky mode resonance (and the guided mode resonance) can be efficiently enhanced (and suppressed) by integrating graphene on the TFBG for a highly sensitive sensor. In contrast, the p-polarized (or TM/EH) mode (both leaky mode and guided counterpart) presents slight variation. The enhancement principle is discussed based on the variation in the mode characteristics induced by the graphene. The results show that the graphene enhanced leaky mode resonance presents ultra-sensitive intensity response but insensitive wavelength response to the extremely small analyte perturbation. The sensitivities are achieved up to 14108dB/RIU and 5232.6dB/RIU for the first two leaky modes in gaseous media respectively, which are 121 and 13 times higher than that of bare TFBG. This novel sensing platform provides a promising technique that can compete with the widespread SPR approach in fiber optic sensing fields, which opens up new opportunities for industrial, environmental, and biochemical sensing applications.
I. INTRODUCTION
The tilted fiber Bragg grating (TFBG) is a special fiber grating that has the refractive index perturbation plane tilted with the fiber axis [1] . Due to this tilted structure, the TFBG presents many unique spectral characteristics, like the Bragg resonance and dense comb-like resonance resulted from the simultaneous mode coupling from forward-propagating core guided mode to backward-propagating core guided mode and hundreds of cladding modes respectively [2] . The dense comb-like resonance of the TFBG provides a promising sensing platform to measure surrounding refractive index (SRI), which can be used to determine analytes' properties, such as purity, concentration, quality, etc [3] . Meanwhile, the Bragg resonance shows insensitive response to the SRI and temperature perturbation and therefore, it can be used The associate editor coordinating the review of this manuscript and approving it for publication was Weidong Zhou.
as reference band to remove the temperature interference. In recent years, the TFBG has been widely utilized in industrial, environment and bio/chemical sensing applications [3] . The widespread approaches to date are based on the cut-off mode resonance and surface plasmon resonance (SPR) [4] . The cut-off mode corresponds to the boundary between leaky mode and cladding guided mode. When the SRI increases, more cladding guided modes become leaky and hence the boundary (or cut-off wavelength) shifts towards longer wavelength. As a result, the cut-off mode shows sensitive response to the SRI perturbation varying in a large range [5] . The SPR can be excited by phase-matching cladding guided mode of the TFBG coated with nano-meter metal film [6] . The SPR is highly polarization-dependent and can only be excited by p-polarized (or TM-polarized) cladding modes. At the inner surface of metal film, the incident cladding guided mode coupled from the core guided mode is internally reflected but can also be phase-matched to a SPR mode (corresponding to the SPR excitation) at the outer surface of the metal film. When this phase-matched coupling occurs, the reflected cladding guided mode loses power and the SPR induces an intense field localization at outer metal boundary [3] . This coupling also gives rise to the amplitude decrease in the corresponding cladding mode resonance, which means that the occurrence of SPR weakens the cladding mode resonance. To achieve strong SPR, the metal layer must be thin enough to let some light tunnel across [7] . Due to strong evanescent field of the SPR mode in external media, the SPR is greatly affected by the SRI variation and becomes a promising platform for sensing [3] , [4] .
Generally, the sensing performance corresponding to both the cut-off mode and SPR is evaluated by the wavelength interrogation method, i.e., by tracking the resonance wavelength shift with the SRI perturbation. The resonance wavelength is dependent on the phase-matching condition (PMC). In this case, the highest sensitivity S sri is numerically less than or approximately equal to grating period of the TFBG (i.e., S sri ≤ in magnitude) [7] . Therefore, the wavelength interrogation method could not be appropriate in some cases where the analytes experience a very small SRI perturbation (such as 10 −4 RIU or even smaller in which RIU represents refractive index unit). This is because that the small external refractive index variation induces extremely small resonance wavelength shift that cannot be accurately tracked by the optical spectrum analyzer (OSA) [8] . In contrast, the intensity interrogation method by measuring the resonance intensity that varies with the SRI perturbation presents a higher sensitivity [8] - [11] . By this approach, it has been demonstrated that the cut-off mode, the last cladding guided mode, SPR mode, and 'apolarized' mode show sensitive response to the SRI perturbation [8] - [12] . For instance, the differential spectrum between p-polarized and s-polarized resonances of the last cladding guided mode provides a self-referenced tool to achieve ultra-high sensitivity and small limit of detection (LOD) [8] . To measure accurately the resonance intensity varying with the external SRI perturbation in actual applications, the ideal method is to filter the transmission spectrum of the TFBG by adding an bandpass filter with the center wavelength equal to the resonance wavelength. However, the analytesâĂŹ perturbation can induce the variation in both resonance amplitude and resonance wavelength. Therefore, filtering the transmission spectrum at the resonance wavelength that varies with the analytes' perturbation in real time becomes a challenge in real applications.
In this work, we demonstrate that the s-polarized leaky mode resonance can be greatly enhanced by integrating graphene on the TFBG and ultra-high sensitivity is achieved in gaseous media with extremely small SRI perturbation. Since the first discovery in 2004, the graphene has attracted extensive attentions due to its exceptional properties, such as large surface-to-volume ratio, high carrier mobility, and excellent tunable photoelectric property [13] , [14] . Various graphene integrated optical fiber devices have been reported for sensing applications [15] . Most of those methods need to break the fiber structure to enhance the evanescent field in the graphene and external analyte media [16] - [21] . Recently, the graphene integrated TFBG has been reported for enhancing sensitivity using conventional intensity interrogation for humidity or low SRI sensing [22] , [23] . However, the weak leaky mode resonance has been ignored in all previous researches and remains uninvestigated in the literature. Here we report that the graphene enhanced s-polarized leaky mode resonance presents ultra-sensitive intensity response but insensitive wavelength response to the external SRI perturbation. Apparently, this insensitive wavelength response benefits greatly the intensity measurement by bandpass filtering the transmitted spectrum of the TFBG at the leaky mode resonance wavelength in real applications. The enhanced mechanism is explored by the influence of the graphene on the mode characteristics. The results show that the leaky mode resonance presents higher sensitivity than that using classical TFBG and widespread SPR approach. As such, the graphene enhanced leaky mode resonance provides a novel promising sensing platform, which can compete with the widespread SPR method.
The rest of this paper is organized as follows. In section II, the experimental consideration, simulation model, and coupled mode theory of the graphene integrated TFBG sensing platform are presented. The sensing performance of the graphene integrated TFBG sensor is investigated in section III, where the enhancement mechanism, transmission evolution, and comparison with the widespread SPR approach are also discussed. Finally, the conclusion is presented in section IV.
II. EXPERIMENTAL CONSIDERATION AND THEORETICAL MODEL A. DESIGN OF SENSING SYSTEM
The typical sensing system in experiment is illustrated in Fig. 1(a) . The incident light launched from broadband source transmits through the polarizer followed by a polarization controller, and then a linearly polarized light (i.e., p-polarized or s-polarized) or an un-polarized light is introduced into the TFBG. After interacting with the external analyte, the transmission spectrum is recorded by the OSA and the data are analyzed by the computer (PC) to assess the sensing performance of the TFBG sensor. Here the intensity interrogation method by measuring the variation in the resonance intensity ( I res ) with the SRI perturbation is used to evaluate the sensing performance. In this case, when the SRI changes from n sri to n sri + n sri , where n sri is the SRI perturbation, the resonance amplitude changes accordingly. The external analyte is assumed to be gaseous media in simulation. Here the air environment with initial refractive index equal to 1.0 is considered [24] . The maximum SRI perturbation is n sri = 5 × 10 −4 which corresponds to an extremely small analyte perturbation. In general, the optical fiber grating based sensors become insensitive in this low SRI environment since the analytes' refractive index is much smaller than that of fiber cladding. In this insensitive SRI region we investigate and demonstrate the highly sensitive performance of the graphene enhanced leaky mode resonance of the TFBG.
Under the consideration above, the sensitivity that is the most crucial parameter to characterize a sensor is defined as the change in the resonance intensity for an unit change in the SRI of the gaseous media, which is given by:
wherein the absolute value is taken into account for comparison.
B. SIMULATION THEORY
The TFBG is assumed to be inscribed in commercial single mode fiber (i.e., Corning SMF-28e+) with fiber core radius of 4.1µm and cladding of 62.5µm. The Sellmeier relation is used to determine the wavelength-dependent dispersion of the fiber cladding, which is given by [25] :
in which λ is the wavelength measured in micrometers. a i and λ i are the Sellmeier coefficients and for pure silica glass their values are given by:
The refractive index of the fiber core n co is 0.36% higher than that of the cladding according to the products specifications for the Corning SMF-28e+ optical fiber.
Here it is assumed that a five-layer graphene is wrapped on the TFBG to tune sensor performance. Generally, the conductivity σ g consisting of the interband σ inter and intraband σ intra components of the monolayer graphene can be calculated using the Kubo formula: [16] , [18] , [26] :
where e is the charge of an electron,h = h/2π is the reduced Planck's constant, k B is the Boltzmann's constant, is the scattering rate, ω = 2πc/λ is the radian frequency in which c is the speed of light in vacuum, T is the temperature in Kelvin, and µ c is chemical potential. The complex refractive index n g of the graphene can then read as:
wherein ε 0 and are the permittivity in vacuum space and graphene sheet thickness, respectively. Consider five-layer graphene, similar electronic structure can be obtained due to the mis-oriented stacking geometry and effective decoupling of adjacent layers [26] . Therefore, the σ g and n g of five-layer graphene in this work can also be calculated using the Kubo formula by considering σ g → 5σ g and → 5 [18] , [26] .
Here typical parameters, i.e., = 0.34nm, T = 300K and VOLUME 7, 2019 = 0.43meV , are considered in the following discussion. In this case, the σ g , and n g are a function of the chemical potential µ c that can be dynamically controlled either by chemical doping [27] or by applying a gate voltage [28] . In this work µ c = 0.3eV is considered for illustration. Actually, the graphene having µ c <∼ 0.4eV or even the pristine graphene without electrically tuning or chemical doping induces very similar influence on the fiber modes' imaginary effective refractive index (ERI, relating to the resonance amplitude) and very similar sensing performance could be obtained [18] , [29] . A thorough investigation on the optical properties of the graphene and its influence on the mode characteristics have been detailed in [29] . On this basis, this work focuses on the graphene enhanced leaky mode resonance and the sensing performance improvement.
At the tilted grating region, the mode coupling behavior and transmission spectrum can be described by the coupled mode theory. Here the powerful full-vector complex coupled mode theory [30] combined with an improved piecewise discretization method based finite-difference mode solver [29] is used for the simulation. By this approach, the TFBG sensor is enclosed by the PML and PRB layer and becomes a closed waveguide model, as shown in Fig. 1(b) . To facilitate the discussions on the transmission spectrum of the TFBG, the mode coupling equation is simplified as: 
in which A 11 /B 11 and B vm are the complex amplitudes of forward/backward-propagating core guided mode and the vmth cladding guided mode or leaky mode, respectively, β vm is the tuning factor that is defined in Eq. (8), and κ 11,vm represents the coupling coefficient which is given in Eq. (9) .
wherein β is the propagation constant equal to β = 2π/λ·n eff in which n eff is the ERI.
in which e is the electric field of a fiber mode,K represents the normalized coefficient that is given byK = 1/2 (e × h) ·ẑds in which h is the magnetic field, and n(r, φ, z) is the tilted refractive index perturbation in fiber core that is determined by Eq. (10). The self-coupling coefficient between the forward-and backward-propagating core guided modes can be also calculated by Eq. (9) under the consideration of vm = 11, which corresponds to the core guided mode. n(r, φ, z) = δn 1+cos 2π (z + r cos φ tan θ) (10) in which δn is the amplitude of the refractive index perturbation and is the axial grating period. In the following analysis, the amplitude of refractive index perturbation, axial grating period and grating length are fixed at 5.0 × 10 −4 , 530nm and 20mm respectively. The calculation and simulation are conducted in MATLAB.
III. RESULTS AND DISCUSSION

A. LEAKY MODE RESONANCE ENHANCED BY GRAPHENE
The PMC of the TFBG is a powerful tool to determine the resonance mode and its resonance wavelength, which is defined as [2] - [4] :
in which n co eff and n cl eff ,vm are the ERIs of the core guided mode and the vmth cladding guided mode or leaky mode (TE/TM 0,m and HE/EH v,m ), respectively. It can be inferred from the PMC that for the TFBG with given period the high-order mode will have its resonance at short wavelength. In our case, the resonance wavelengths of the core guided mode and cut-off mode are approximated to be ∼1.54µm and ∼1.3µm by assuming n co eff ≈ n co and n cl eff ,vm ≈ 1.0, respectively for the weakly guiding single mode fiber. Then the tilted angle of the TFBG is determined to obtain strong comb-like resonance around 1.3µm, which is shown in Fig. S1 in the Supplementary material where only the s-polarized case is considered for illustration. Here the cladding guided modes having v = 0 ∼ 20 are taken into account and 10 modes that are closely near the PMC for each v are selected to obtain convergent result [30] . The wavelength step of 0.01nm is considered for simulation. As clearly shown in Fig. S1 in the Supplementary material, the comb-like resonance band shifts to shorter wavelength where the higher-order cladding guided modes are excited as the tilted angle increases, which is very similar with the cases reported in [30] and [31] . For a more highly tilted TFBG, two resonance groups could be obtained in gaseous media [10] . For the bare TFBG the leaky mode resonance is much weaker than the cladding guided mode resonance at all tilted angles. After integrating the graphene on the TFBG, however, the leaky mode resonance in air environment is efficiently enhanced whereas the guided counterpart is greatly weakened at θ = 24 • .
The more informative properties of the transmission spectra of uncoated and graphene integrated 24 • TFBG are reported in Fig. 2 where only the spectrum around the leaky mode resonance is considered to get a clear comparison. The bare TFBG shows strong cladding guided mode resonance in both polarized cases at long wavelength but weakens sharply its amplitude from the cut-off mode at short wavelength where the leaky mode resonance occurs. As clearly shown, the leaky mode resonance is so weak that it generally cannot be used for sensing. After integrating the graphene, however, much stronger leaky mode resonance is achieved and meanwhile the cladding guided mode resonance is substantially suppressed in s-polarized case. The amplitude of the leaky mode resonance could even be further improved over 20dB in magnitude when a more exact tilted angle around 24 • is considered. In contrast, the p-polarized case presents a slight variation. Also, the leaky mode resonance could not be clearly observed when an un-polarized (or hybrid polarization) incident light consisting of both p-and s-polarized states is considered, as shown in Fig. 2(c) . This phenomenon confirms the polarization-dependent property of the graphene enhanced leaky mode resonance, which will be analyzed below. It therefore obviously illustrates from Fig. 2 that the graphene induces much larger influence on the s-polarized mode than the p-polarized case, which is quite the opposite of the widespread phenomenon of SPR that can only be excited by the p-polarized light [6] , [7] , [10] .
B. ENHANCEMENT MECHANISM
To get a deep insight into such an enhanced phenomenon induced by the graphene, the ERI of fiber mode is depicted in Fig. 3 . Typically, the fiber mode can be classified into two groups, including guided mode with n sri < Re(n eff ) < n co and leaky mode having Re(n eff ) < n sri , as illustrated in Fig. 3(a) . More specifically, the leaky mode consists of two groups, i.e., the guided-like mode (small Im(n eff )) having the mode field very similar with the guided mode but with a large part outside the fiber structure, and the radiation-like mode (large Im(n eff )) with an extremely small field content within the fiber region, as shown in Fig. S2 in the Supplementary material where the TE mode is depicted as an illustration. Apparently, the guided core mode could not couple with the radiation-like leaky mode due to its large Im(n eff ) and small field content in fiber core. A more specific illustration is reported in Fig. 3(b)∼(d) where the label of TM/EH represents the p-polarized mode and the TE/HE corresponds to the s-polarized counterpart [7] . It is found that a large difference in the Im(n eff ) between these two polarized modes is obviously observed whereas the opposite trend is achieved for the Re(n eff ). Particularly, the p-polarized guided-like leaky mode has a larger Im(n eff ) and the same is true for the s-polarized guided mode. Therefore, stronger leaky mode resonance but combined with a weaker guided mode resonance is obtained for the graphene integrated TFBG in s-polarized state. The p-polarized counterpart presents the exactly opposite phenomenon (also see Fig. 2 ). In addition, the uncoated case is also depicted for comparison. As clearly illustrated, the graphene induces a smaller Im(n eff ) for the guided-like TE/HE leaky mode (but larger Im(n eff ) for the guided TE/HE mode) whereas an extremely small change in the Re(n eff ) is obtained. As a result, the s-polarized leaky mode (and guided mode) resonance after integrating graphene becomes stronger (and weaker) than that of uncoated case, but only with a slight variation in the resonance wavelength, as illustrated in Fig. 2 . It is reasonable to infer that very similar wavelength sensitivity (using the wavelength interrogation method) could be obtained for both uncoated and the graphene integrated TFBG sensors, but a large difference in the intensity sensitivity (evaluated by the intensity interrogation approach) is expected, especially for the leaky mode resonance.
Another important property is about the cut-off mode. In general, the cut-off mode corresponds to the 'interface' between the leaky mode and cladding guided mode [8] . Here we demonstrate that the cut-off mode is the mode having the Re(n eff ) extremely close to but very slightly smaller than n sri and also having the Im(n eff ) relatively larger than that of the adjacent cladding guided mode, as shown in Fig. 3(c) . Therefore, the cut-off mode can be approximately but reasonably grouped into the leaky mode (guided-like component).
It is noteworthy to mention that the leaky mode resonance was not observed in recent experimental reports [22] , [23] , which seems to be different from our case. This can be explained in terms of the polarization-dependent condition of the leaky mode resonance. As shown in Fig. 3 , the graphene induces a significant variation in the s-polarized mode whereas very small change is obtained for the p-polarized case. When only s-polarized incident light is considered, the leaky mode resonance can be efficiently enhanced and clearly recognized (see Fig. 2 ). However, the leaky mode resonance will be 'weakened' for an un-polarized light consisting of both p-and s-polarized states due to the spectrum superposition of these two polarized cases. This corresponds to the situation in Ref. [23] (Ref. [22] only consider the p-polarized light), which is also demonstrated here in Fig. 2(c) . As a result, this weak leaky mode resonance could not be clearly recognized in un-polarized state, which is quite similar with the SPR that can only be excited in p-polarized state. In addition, the strong leaky mode resonance also depends on appropriate grating parameters, like a large tilted angle (a weakly tilted TFBG was inscribed in [22] and [23] ), as also verified in Fig. S1 in the Supplementary material. 
C. TRANSMISSION SPECTRUM EVOLUTION
The spectrum evolution in both polarized states as a function of SRI is depicted in Fig. 4 . Here only these resonances around the cut-off mode band labeled as L 0 are considered. For both uncoated and graphene integrated TFBG sensors, all these resonances vary monotonically with SRI but greatly differ in the amplitude and changing trend. Due to the large resonance amplitude, the last guided mode resonance C 1 in both p-and s-polarized cases presents the largest variation (both wavelength and amplitude) for uncoated TFBG. In contrast, all the weak leaky mode resonances show extremely small change and are generally ignored. After integrating the graphene, the p-polarized resonance C 1 appears decrease in the amplitude combined with a red-shift in the wavelength, which is similar with the uncoated case. In contrast, the graphene induces a very different variation trend for the s-polarized case which is detailed by considering L 0 and L 1 leaky mode resonances (see Fig. 4(f) and Fig. 4(h) . As clearly observed, the strong leaky mode resonance L 1 decreases its amplitude progressively but keeps the wavelength unchanged during the variation in SRI, whereas the resonance L 0 increases its strength monotonically. This obviously illustrates that the resonance wavelength of the leaky mode is insensitive to the SRI perturbation, which benefits greatly the intensity measurement by bandpass filtering the transmitted spectrum at the resonance wavelength in real applications.
It should be mentioned that the C 2 and C 3 guided mode resonances in all cases almost remain unchanged. In addition, very small variation is obtained for the L 3 and subsequent leaky mode resonances due to relatively small resonance amplitude (the detailed spectrum evolution is omitted here). This evidently indicates that these modes having the ERI (Re(n eff )) close to n sri present the most sensitive response to the SRI perturbation. On this basis, only the L 0 ∼ L 2 and C 1 resonances are taken into account to evaluate the sensing performance of the TFBG sensor.
D. SENSING PERFORMANCE
The intensity evolution with the SRI perturbation having the maximum of 5.0 × 10 −4 is detailed in Fig. 5 . The very small wavelength shift in all cases induced by the extremely small SRI perturbation is not considered since it is too small to be effectively tracked by the OSA. In this case the intensity interrogation method is utilized to assess the sensitivity of the TFBG sensor. Obviously, the p-polarized resonance of the graphene integrated TFBG shows a very similar variation trend with both p-and s-polarized cases of uncoated TFBG. This is because that the graphene induces a relatively small influence on the TM/EH mode as discussed above (see Fig. 3 ). In this situation, the last guided mode C 1 with the strongest resonance among these four bands shows the most sensitive response to the SRI perturbation. In contrast, the graphene integrated TFBG in s-polarized state differs greatly in the intensity evolution as compared with the p-polarized counterpart. In this case, the L 0 leaky mode resonance has the largest variation and becomes the most sensitive band. Also, the L 1 and L 2 with enhanced resonance experience a larger change in the resonance amplitude than that of uncoated case. In addition, the most sensitive C 1 in other cases decreases greatly its intensity response and becomes 'insensitive' to the SRI perturbation, due to the weak resonance suppressed by the graphene (see Fig. 4 ).
The sensing performance of uncoated and graphene integrated TFBG sensor is reported in Fig. 6 where the sensitivity is evaluated in absolute value for comparison. Considering the leaky mode resonance, one of the most important signature is that the s-polarized leaky mode having an enhanced resonance becomes the most sensitive mode and exhibits the highest sensitivity in each mode group (L 0 ∼ L 2 ), as compared with the p-polarized counterpart and p-/s-polarized cases of uncoated TFBG. Here the sensitivity up to 14108dB/RIU and 5232.6dB/RIU for the s-polarized L 0 and L 1 resonances are achieved respectively in gaseous media with an extremely small SRI perturbation, which is improved 121 and 13 times respectively as compared with the uncoated counterpart. As regarding to the guided mode case, the C 1 resonance of uncoated TFBG in both polarized states shows the highest sensitivity (due to a large resonance amplitude). This sensitivity decreases after integrating graphene on TFBG, especially for the s-polarized case (since the graphene significantly weakens its resonance strength as shown in Fig. 2) . Though the guided mode C 1 of uncoated TFBG exhibits high sensitivity, both its resonance amplitude and wavelength vary with the SRI perturbation (see Fig. 4 ). In contrast, the leaky mode almost maintains a constant wavelength, which facilitates the intensity measurement in real situation. On this basis, the graphene enhanced leaky mode resonance provides an alternative but promising tool to achieve highly sensitive gas detection.
E. DISCUSSION
Such novel sensing platform offers a simple structure and higher sensitivity over the widespread SPR approach [10] , and interferometric method [16] for gas detection. Generally, the SPR can only be effectively excited at metal film with a certain thickness (∼50 nm in liquid environment and ∼20 nm in gaseous environment) [7] , [24] . In our case, the leaky mode resonance is enhanced by decreasing its Im(n eff ) after integrating graphene (see Fig. 3 ). Since the graphene is a monomolecular layer 2D material, the number of layers can be easily controlled. This means that this novel sensing platform can be easily fabricated since the key process is to integrate graphene on the fiber cladding of the TFBG, which has been realized recently in [23] . Also, the graphene oxide that has various oxygen groups, such as carbonyl and hydroxyl groups with good biocompatibility, provides an alternative material for selectively biosensing [32] - [36] . For example, the reduced graphene oxide coated fiber Bragg grating has been reported for NO 2 gas detection in [35] . However, the fiber Bragg grating must be etched to enhance the evanescent field of a fiber mode in the external environment. In our case here, the graphene enhanced leaky mode resonance in TFBG without etching process can be used for sensitive NO 2 gas sensing. Since the leaky mode has a larger field outside fiber cladding (i.e., within external environment) than that of cladding and core guided modes, a more sensitive response to the variation of NO 2 gas can be obtained and the sensor becomes more simple and robust.
In addition, the sensitivity can also be evaluated by the approach of differential amplitude (or relative intensity change) to improve the LOD [8] , [9] . The intensity variation in L 0 and L 1 differs in the changing trend, i.e., the L 0 decreases with the SRI perturbation but the L 1 increases (or the difference between p-and s-polarized cases), as shown in Fig. 4 , which provides a self-referenced tool to measure even smaller SRI perturbation. Since the graphene integrated on the fiber cladding has no effect on the core guided mode confined within fiber core, the Bragg resonance can be used to remove the cross sensitivity resulted from external perturbation, such as optical power fluctuation and temperature. Furthermore, the tunable chemical potential µ c should also be considered in real applications. For the graphene coated on the TFBG here, the µ c can be electrically controlled by applying a gate voltage on both ends of this sensing platform, similarly in [26] . According to the aforementioned PMC condition, the leaky mode resonance with ultrahigh sensitivity can also be enhanced in other applications, like the liquid environment having refractive index around 1.33 corresponding to the general biosensing environment, which opens up new and interesting opportunities for highly sensitive fiber optic sensors.
IV. CONCLUSION
In conclusion, the graphene enhanced s-polarized (or TE/HE) leaky mode resonance in TFBG is demonstrated for gas detection. The integration of graphene layer decreases (and increases) the Im(n eff ) of the TE/HE leaky mode (and guided mode), which gives rise to a great enhancement (and suppression) of the leaky mode resonance (and guided mode). Meanwhile, the p-polarized (or TM/EH) mode shows a small change both in the ERI and resonance amplitude. The enhanced leaky mode resonance presents ultra-sensitive intensity response but insensitive wavelength response to the SRI perturbation. The results show that the sensitivity of the leaky mode is higher than that of widespread SPR and interferometric approach in gaseous media. This novel sensing platform shows good potential in industrial, environmental, and biochemical sensing applications. 
